The data presented are in accord with a two-site mechanism postulated for pyruvate decarboxylase.
In the previous paper (2) it was demonstrated that yeast pyruvate decarboxylase (EC 4.1.1.1) could be protected against heat denaturation in the presence of cofactors (TPP' and MgA. ) and a high concentration of phosphate or sulfate ions. Pyruvate decarboxylase from a mutant strain was shown to be more unstable than wild-type enzyme. The mutant enzyme was found to have a lower activity ratio (ratio of the maximum rate of acetaldehyde formation to the maximum rate of AMC' synthesis) than that observed for wild-type enzyme, and the activity ratio of the mutant strain was shown to fall upon aging at 5'. According to the two- ' site mechanism for enzymatic pyruvate decarboxylation (3) it should be possible to find mutant decarboxylases with alterations in second site activity resulting in lower activity ratios. The fact that the activity ratio of the mutant decarboxylase decreased upon aging, however, suggested that some other factor might be operating in crude extracts to account for this phenomenon. The experiments in the present paper have shown that the change in the activity ratio of the mutant decarboxylase is the result of the selective action of a proteolytic enzyme normally found in yeast extracts. The properties of some of the proteases of yeast are described as well as the differences between wild-type and mutant decarboxylase prepations. EXPERIMENTAL 
RESULTS
Effect of heating and aging on mutant enzyme. Mutant enzyme, unlike wildtype enzyme, was not very well protected when heated in 0.5 M phosphate buffer in the presence of cofactors (Fig. 1) . Although mutant enzyme preparations were always less stable to heating than wildtype enzyme, different preparations displayed varying degrees of heat sensitivity. In spite of the marked destruction of mutant enzyme during heating (Fig. l) , the activity ratio was not changed at the end of the heating period (Table 0 .
The fact that incubation in phosphate buffers of high concentration, in the pres-
1. Residual decarboxylating activity after heating in 0.5 M sodium phosphate buffer as a function of time of heating. All samples contained 0.5 M sodium phosphate buffer, pH 6.3, 2.1 x 10 ' M TPP, 0.002 M MgSO,, and 0.2 ml of respective crude extract per ml of heating mixture. After heating at 66" for the indicated time, the mixtures were cooled in an ice bath and suitable dilutions were assayed manometrically without removing heat denatured precipitated protein. ence of cofactors, conferred heat stability on mutant as well as wild-type enzyme (2), prompted a study of the aging of mutant enzyme in 1.0 M phosphate bufIer. Prolonged incubation at 5" of mutant enzyme in this high buffer concentration resulted in a gradual loss of acetaldehyde-forming activity ( Fig. 2 ). By contrast, the rate of AMC formation actually increased ll'c in 50 hours of incubation, followed by a gradual loss in activity (Fig. 2) . Although this increase was small, it appeared to be characteristic for such preparations and has been observed several times. Aging of mutant enzyme at 5" in 0.1 M phosphate buffer resulted in a gradual loss of both activities (Fig. 2) ; the rate of acetaldehyde formation decreased more rapidly than the rate of AMC formation.
Alteration of heat sensitivity of wildtype enzyme. Since wild-type enzyme was found to be fairly stable in the cold (2)) it was customary to store a batch of new enzyme at -20" and thaw this sample for use as required. It was noted that an "old" preparation that had been frozen and thawed repeatedly over a period of about 3 months was no longer as stable to heating as it had been when it was freshly prepared. A comparison was therefore made of the stability to heating of this "old" preparation and a "new" preparation of the same batch of enzyme which had been kept frozen since it was originally made. Fig. 3 shows that there was indeed a difference in the stability to heating between these two preparations. Although both samples were almost equally stable when heated in 1.0 M phosphate buffer, the "old" preparation was significantly more heat sensitive than the "new" one at lower phosphate concentrations.
Analysis of the activity ratio of the "old" enzyme preparation revealed that it had dropped from a value of 56 to 10.4. It then became evident that wild-type and mutant enzyme did not differ fundamentally, except possibly in the time required for significant decrease of the activity ratio.
Evidence for the action of yeast proteolytic enzymes on pyruvate decarboxyluse. Since, in general, dilute enzyme preparations are frequently more readily denatured than are more concentrated protein solutions, wild-type decarboxylase was aged at various dilutions in 0.1 M phosphate buffer, pH 6.1, at room temperature, to determine whether working with concentrated solutions would result in greater enzyme stability. After incubation for 20 hours, assays were made of the same amount of enzyme from each of the various dilutions. The results (Table II) yielded the unanticipated finding that the more dilute enzyme solutions were the most stable to aging. It seemed likely that dilution served to reduce the concentration of some destructive agent, such as a pmteolytic enzyme, and thus lessen its activity.
Since mutant enzyme was the most unstable preparation, it appeared to be a reasonable starting material for the search for proteolytic activity.
Mutant enzyme was therefore concentrated with ammonium sulfate (saturated) and incubated in 0.05 M phosphate buffer, pH 6.1, at 30° for 24 hours. During this period, a copious precipitate of denatured protein appeared which disappeared upon further incubation. The resulting solution, which no longer contained pyruvate-decarboxylating or AMC-synthesizing activities, was tested for its ability to degrade purified wild-type pyruvate decarboxylase. Fig. 4 shows the results of an experiment where the presumed proteolytic preparation from mutant extract was incubated with purified wild-type pyruvate decarboxylase. When incubation took place for 10 minutes in the absence of substrate, the resultant mixture was completely devoid of decarboxylating activity. Although the addition of pyruvate together with proteolytic enzyme served to protect the decarboxylase, the latter enzyme was, nevertheless, progressively inactivated. The control (Fig. 4) serve to protect the decarboxylase from the action of proteolytic enzyme, the combination of pyruvate plue acetaldehyde was more protective than pyruvate alone. This is shown in Fig. 5 where inactivation only became evident after about 100 minutes.
Since pyruvate decarboxylase from mutant cells was degraded selectively upon aging (a), (Fig. 2) , the possibility of finding a similar action of the proteolytic enzyme on purified pyruvate decarboxylase from wild-type cells was investigated. Fig. 6 illustrates the selective action of the proteolytic preparation. At the end of a one hour incubation period, at 30", the rate of acetaldehyde formation was reduced 90'r. The rate of AMC synthesis was actually found to increase 60°C) this increase being qualitatively similar to the effect observed upon aging of crude mutant enzyme (Fig. 2) .
Preliminary studies of proteolytic enzymes from yeast. The most extensive study of the proteolytic enzymes of yeast, prior to the completion of the present work, is that of Lenney (4) is a pepsin-like enzyme with an acidic pH optimum, whereas protease B is most active near neutrality.
We have confirmed and extended Lenney's findings. The details of our protease studies will be presented elsewhere, but a few of our results will be mentioned here. As Lenney showed (4), both proteases must be activated when they are first obtained in crude extracts before they can degrade suitable assay substrates. We have demonstrated that protease A is apparently responsible for activation of itself as well as protease B. Preliminary results, making use of a new procedure for the separation of the proteases, indicate that protease A degrades pyruvate decarboxylase without altering its activity ratio. By contrast, protease B appears to degrade pyruvate decarboxylase selectively in such a manner that it loses its ability to split 2-hydroxyethyl TPP but still retains its activity in forming this complex; the synthesis of AMC being used as an indicator of the formation of the TPP complex.
Enzyme stabilization by inhibition of proteolytic activity.
Since the proteases in yeast contribute to the instability of pyruvate decarboxylase, it seemed likely that the decarboxylase could be stabilized by addition of inhibitors of the proteases. The fact that high concentrations of ammonium sulfate (11) and glycerol (12) a situation similar to that obtained with 1.0 M phosphate (2) .
High concentrations of phosphate, sulfate, and glycerol were effective in inhibiting protease B (Table III) . High concentrations of phosphate and sulfate could not be used to test for possible inhibition of protease A since the concentrations of these compounds tested precipitated the hemoglobin used as substrate in the assay for this enzyme. Inhibition of protease A by 505'; glycerol was relatively weak, however (Table III) .
The most highly purified preparations of pyruvate decarobxylase obtained to date in this laboratory have been found to contain protease A activity and the inactive precursor of enzyme B. These proteases were also shown to be present in the final product obtained using the purification procedure of Holzer and Beaucamp (13) . Unfortunately, the heating step used in our purification procedure (2) were found to contain low levels of protease A activity and no detectable protease B (Table IV) . By contrast, mutant extracts (24 hour extraction) were found to contain high levels of protease A and low but measurable levels of protease B. Further incubation of both extracts at 5' or at room temperature resulted in increased activation of protease B in mutant extracts, but no corresponding increase in the wild-type extracts (Table IV) . Upon adjustment of extracts to pH 5.0, the pH that Lenney had shown (4) to be optimum for protease activation, protease B levels increased but always remained lower for wild-type extracts than for mutant ex- tracts (Table Iv) . It would thus appear that the proteases in extracts of the mutant strain are more readily activated and rise to higher levels than those in extracts of the wild-type strain. This may reflect differences in the nature of the proteins in the respective extracts since activation appears to represent, at least in part, digestion of protein which can compete with externally supplied substrates for the active sites of the proteases. When a fully activated protease was added to a crude unactivated wild-type extract, the protease B activity of the added preparation was almost completely masked by the protein in the crude extract. It is also of interest to note that whereas the final cell yield of mutant and wild-type strains is the same, the mutant strain has been shown to have a significantly lower growth rate. The exact alteration in the mutant strain is not known.
After this work was completed a report appeared describing the presence of yet a third protease (protease C) in extracts of yeast (6) . Subsequent examination of our extracts confirmed the presence of protease C. It has been shown recently that activation of protease C parallels the activation of protease B (14) . In view of the discovery of a third protease in yeast extracts it was necessary to determine whether the azocoll assay (see Experimental Procedure) used to determine protease B was actually measuring protease B and not protease C activity.
It was shown that the azocoll assay is indeed specific for protease B by following the relative disappearance of azocoll activity and protease C activity as a function of the time of aging of a dilute extract at room temperature. It was observed that protease C activity was fairly stable while azocoll activity gradually disappeared after several days of incubation.
It has been demonstrated (6) that protease B is less stable than protease C. It is not yet known which protease is responsible for the selective degradation of pyruvate decarboxylase (Fig. 6 ) and our present efforts seek to clarify this point. The fact that protease C is not strongly inhibited by 1.0 M sodium phosphate or 505( glycerol (Table  III) suggests that this enzyme may not be responsible for the selective degradation of pyruvate decarboxylase since high concentrations of phosphate or glycerol serve to protect the decarboxylase.
Action of mutant and wild-type enzymes on various a-keto acids. The action of mutant and wild-type enzymes was examined using several oc-keto acids as substrates (Table V) . The mutant enzyme The fact that the maximum rate of AMC synthesis increased 60', during second site destruction (Fig. 6 ) may be a consequence of decreasing the competition for enzyme-bound 2-hydroxyethyl TPP. When no longer catalytically dissociated to free acetaldehyde, more of this complex may be available for condensation with added acetaldehyde to form AMC at an increased rate.
Since high concentrations of sodium phosphate, ammonium sulfate (also sodium sulfate) (2) or glycerol serve for stabilization of the decarboxylase to heat denaturation, and also act as inhibitors of protease B (Table III) , it seems fairly certain that the stabilizing effects of these agents for many enzymes from yeast may have the same common basis.
The fact that mutant extracts, unlike wild-type extracts, can readily activate protease B accounts for the rapid fall in activity ratio of the former preparations (2) . Since heating at 60* most readily destroys protease B, it was not surprising to find that prolonged heating of a mutant extract did not result in a significant change in activity ratio (Table I ). The marked drop in decarboxylating activity of the mutant extract during heating at 60" (Fig. 1) is explained in terms of the higher level of relatively heat stable protease A (acidic pH optimum) present in the mutant preparation. Since protease A does not degrade pyruvate decarboxylase selectively, it can destroy the decarboxylase without altering the activity ratio (Table I) . Although high concentrations of inorganic phosphate strongly inhibit protease B (Table III) , inhibition does not appear to be complete and selective proteolysis can continue slowly even at' 5" (Fig. 2) . When enzyme from mutant cells was obtained by rapid sonic disruption, rather than by the slow extraction procedure usually used, it was shown that this preparation had an activity ratio as high as that of wild-type enzymes (Table V) . This result demonstrates that the proteases are not active in intact cells and that mutant decarboxylase is most probably identical in every way with wild-type enzyme. Preliminary results of experiments now in progress show that the levels of proteases that are found in crude extracts depend upon the particular strain of yeast used as well as the phase of growth of the harvested cells.
Matile and Wiemken (15) have demonstrated recently that the proteases and other hydrolytic enzymes of yeast occur in the vacuole, which they consider to be functionally equivalent to the lysosomes of mammalian cells. Matile (16) has also shown that proteolytic enzymes of Neurospora crassa are contained in intracellular spherical particles which are enclosed by a single membrane envolope (17) . There appear to be at least two proteases in Neurospora (16) similar to proteases A and B described by Lenney (4) in yeast.
The protease levels in crude wild-type extracts are normally fairly low, thus accounting for the apparent stability of these extracts (2) . During subsequent handling, the proteases in such extracts slowly become activated.
This finding accounts for the difference in stability to heating of various aliquots of crude wild-type enzyme, depnding upon the length of exposure to higher temperatures. The greater the activation of the proteases, the more heat-sensitive will be the corresponding decarboxylase preparation ("old" enzyme, Fig. 3 ). The increased protection to heating conferred by increasing concentrations of phosphate buffers ( Fig. 3) (2) must involve inhibition of protease A as well as protease B. Those preparations having higher levels of activated proteases ("old" enzyme, Fig. 3 ) would be expected to be denatured to a greater extent when heated in phosphate buffer of a given concentration than preparations in which the proteases were much less activated ("new" enzyme, Fig. 3 ).
Evidence has been presented supporting the concept that TPP complexes of higher aldehydes are more unstable than 2-hydroxyethyl TPP and tend to decompose spontaneously to free aldehydes (3). This finding can explain the results of Table V where it was shown that mutant decarboxylase, which had been degraded considerably by protease action, was, unlike wild-type decarboxylase, more active in decarboxylating higher Lu-keto acids than in decarboxylating pyruvate.
These results provide strong confirmation for the thesis that the observed change in activity ratio during aging of mutant extracts represents a selective degradation of the second catalytic site of pyruvate decarboxylase. Since the first catalytic site is relatively unaffected by this proteolytic action (Fig.  6) , it remains capable of forming aldehyde-TPP complexes from the various a-keto acids used (Table V) . If the higher aldehyde-TPP complexes are inherently unstable, they would decompose spontaneously, and hence such an altered enzyme would be quite active in de-
